Objectives: Elevated pulmonary pressure and right ventricular (RV) dysfunction are the hallmarks of pulmonary vascular disease in animal models and human patients with pulmonary arterial hypertension (PAH). Monocrotaline models of PAH are widely used to study the pathophysiology of PAH. The purpose of this study was to evaluate the severity of PAH rat model by tissue Doppler imaging (TDI). Methods: PAH was induced in Sprague-Dawley rats by monocrotaline (M) group. The peak systolic (s'), early diastolic (e'), and late diastolic myocardial velocities (a') were measured using TDI at basal segments. Tricuspid annular plane systolic excursion (TAPSE) was measured in the 4-chamber view. Velocity of a tricuspid regurgitation (TR) jet was measured to estimate the pulmonary artery pressure to assess the severity of PAH. Results: Decrease in the RV shortening fraction and ejection fraction were observed in the M group compared with the control (C) group. RV e' velocity and s' velocity were significantly lower in the M group compared with the C group. The TAPSE was significantly lower in the M group compared with the C group (1.26±0.22 mm vs. 2.83±0.34 mm). The TR velocity was significantly higher in the M group compared with the C group (4.48±0.34 m/sec vs. 1.23±0.02 m/sec). Conclusion: TAPSE is an easily obtainable, widely recognized and clinically useful echocardiographic parameter of global RV function in the PAH rat model. We recommend that TDI would be a helpful diagnostic tool to evaluate the RV function in PAH rat model. (Ewha Med J 2019;42(3):39-45) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Introduction
Pulmonary vascular remodeling and the right ventricle (RV) dysfunction both are important in the pathophysiology of pulmonary arterial hypertension (PAH) [1] . High pulmonary vascular resistance leads to RV overload, which triggers functional and morphological changes in the RV, which ultimately impairs the capacity of patients [2] . Recently, clinicians and researchers have been interested in the role of the RV in PAH patients. RV dysfunction and elevated pulmonary pressure are the hallmarks of pulmonary vascular disease in human patients and animal models with PAH [2] .
RV performance is one of the most important predictor of cardiovascular mortality and morbidity. Nevertheless, estimation of RV contractility by echocardiography is challenging due to its complex anatomy and physiology.
Difficulties in evaluating the RV with echocardiography arises from several causes. First, the RV has a complex geometry.
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Second, visualization of the RV inflow-outflow tract is not easily obtained by echocardiograms. Third, it is difficult to adequately visualize all segments of the RV because the RV is located behind the sternum. Finally, there are no clear landmarks to standardize several views [3] .
Echocardiography is one of the most important and convenient diagnostic tool for evaluating RV function and hemodynamics of pulmonary circulation [4, 5] . Several echocardiographic parameters such as RV myocardial performance index (MPI) [2] , RV fractional area changes (RVFAC), tricuspid annular plane systolic excursion (TAPSE) [6] and tricuspid annular systolic velocity (s') [7] [8] [9] have been previously studied.
However, the potential of these parameters to assess RV function and severity has not been well examined in patients with PAH [2] .
In contrast to MPI, RVFAC, TAPSE, and s' myocardial velocity, parameters of RV function such as RV ejection fraction (EF) and RVFAC have limited values because of suboptimal RV endocardial definition [9] . TAPSE is especially an excellent parameter to assess RV global function and predict poor prognosis [8] . It is also known to be both highly specific and easy to estimate RV function.
Despite recent interest in the RV function in PAH, standardization of RV assessment remains in its initial stages [9] .
Echocardiographic assessment provides essential diagnostic and therapeutic data to the clinician and yields many important information regarding the response of the RV to elevated pulmonary pressures [10] . These echocardiographic parameters may also give important information about RV function for evaluation and prognostic stratification of patients with heart failure [8] .
Monocrotaline (MCT) models of PAH are widely used to study the pathophysiology of PAH and to investigate potential therapies. Among several preclinical models of PAH, the MCT animal model offers an advantage of closely mimicking several key aspects of human PAH, including endothelial dysfunction, proliferation of smooth muscle cells, vascular remodeling, upregulation of inflammatory cytokines and RV failure [11, 12] .
MCT induced PAH is severe with endothelial apoptosis, prominent medial hypertrophy and inflammatory adventitial remodeling [13] . Noninvasive assessment of PAH severity without sacrificing an animal also allows researchers to serially investigate the therapeutic effects [14] .
The purpose of this study was to assess the potential of tissue Doppler imaging (TDI) in evaluating the severity of PAH in an MCT induced PAH rat model.
Methods

Animals
Six-week-old male Sprague-Dawley rats were kept in 12hour light/12-hour dark cycle with climate-controlled conditions and were provided with full access to food and water.
The rats were separated into two groups: the control (C) group Parameters of diastolic function were measured from pulsed Doppler mode from the apical window: early diastolic (E), late atrial (A) peak velocities, E/A ratios, and deceleration time.
Echocardiographic parameters
Myocardial velocities were estimated at the basal septum from
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the 4-chamber views by TDI: the peak systolic (s'), early diastolic (e'), and late diastolic longitudinal myocardial velocities (a').
The isovolumetric contraction time (IVCT) was determined as the time that has passed between the end of the a' wave to the onset of the next s' wave, and the isovolumetric relaxation time (IVRT) was determined as the time that has passed between the end of the s' wave to the onset of the next e' wave ( Fig. 1 ). Ejection time (ET) was also measured. The Tei index was then calculated from the TDI using the following formula:
IVRT+IVCT/ET ( Fig. 1 ).
Using an apical 4-chamber view to trace the right ventricular endocardial border to estimate end-diastolic and end-systolic RV area, RVFAC was calculated using the following formula:
(RV end-diastolic area-RV end-systolic area)/RV end-diastolic area x 100%. TAPSE was also determined from an apical 4-chamber view by using an M-mode cursor through the lateral tricuspid annulus. Tricuspid inflow was recorded from an apical 4-chamber view, and the peak early (E) and late (A) diastolic velocities, their ratio (E/A), and the tricuspid E-wave deceleration time were measured. The ratio between E and e′ was calculated (E/e′).
The tricuspid regurgitation (TR) was measured from the termination of TR to the onset of the subsequent TR tracing (Fig.   2 ). The highest TR velocity was measured in single view, and pulmonary arterial pressure was calculated with the following formula: 4V 2 +estimated right atrial pressure [15] .
To measure pulmonary acceleration time, the time from the onset of flow to peak velocity, and RV ET, the time from the onset to the termination of pulmonary flow, PW doppler recording of the pulmonary blood flow was obtained by using parasternal short axis view at the pulmonic valve level.
All of the parameters were measured over three to five consecutive cardiac cycles, and the mean was calculated. To avoid interobserver variability, the echocardiographic measurements were made by one investigator. 
Statistical analyses
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±0.02 m/sec, P=0.001) ( Table 3 , Fig. 2 ). Pulmonary ejection time was significantly greater in the M group compared to the C group (106.6±5.7 ms vs. 60.8±5.7 ms, respectively;
P<0.001) ( Table 2 ).
Discussion
We established that single subcutaneous injection (60 mg/kg) of MCT induced PAH and demonstrated that TDI is a feasible technique for assessing RV function noninvasively in animal model with PAH.
We demonstrated that MCT-induced PAH causes RV hypertrophy in animal models. We observed that the RV e' and s' myocardial velocities were significantly lower in the M group as compared with the C group. TAPSE was also significantly lower in the M group compared to the C group. Taken together, these results confirm RV dysfunction.
Tricuspid regurgitant velocity and pulmonary ejection time were also significantly higher in the M group as compared to the C group. These findings suggest that the induction of PAH by MCT was successful. This is similar with observations reported from previous studies [16, 17] .
LV systolic and diastolic dysfunction were also noted in MCT induced PAH models in our study. LV e' and s' myocardial velocities were significantly lower in the M group compared to the C group. Also, although the LV EF and LV FS were reduced in the M group compared with the C group, the values were not significantly different.
Our study revealed that MCT treatment decreased stroke volume, which characterizes the pump function of the LV. This finding is similar with other reports associated with MCT induced PAH [12, 13] as right heart failure eventually leads to LV failure [18] in MCT-induced PAH [12] , although we focused mainly on the RV function in this study.
Although there are some reports demonstrating that MCT damages pulmonary endothelial cells, exactly how MCT initiates lung toxicity is still obscure. Several investigators doubt how relevant MCT-models are in imitating pathobiological process of the human PAH. Despite this, MCT-induced PAH is still the most favored model in preclinical research for evaluating novel therapies [12] .
Echocardiography, as a noninvasive and widely accessible imaging modality, aids in investigating cardiac diseases such as PAH and other cardiovascular diseases [5, 18, 19] . Echocardiography estimates changes in the structure and function of the RV.
Echocardiographic assessment generates information about the response of the right heart to elevated pulmonary pressures and provides essential diagnostic and prognostic data to the clinician in PAH [10] .
TAPSE is the RV longitudinal function of a complex 3D structure [6] . Because it is easily obtainable, reproducible, and relevant to use for both diagnostic and prognostic reasons in many disease states, TAPSE is the most frequently used index for evaluation of RV performance [20] .
The advantages of TAPSE are that it is simple and less dependent on optimal image quality, intraobserver and interobserver reliability are relatively high [20] , and it does not need clear endocardial definition. However, disadvantage of TAPSE is that it is angle and load dependent. There are still many controversies regarding the normal reference value.
Both TAPSE and s' myocardial velocity reflect the longitudinal systolic function of the RV [20] . Wang et al. [21] reported that s' myocardial velocity had a stronger correlation with RV EF measured by cardiac magnetic resonance imaging (CMRI).
In our study, the s' myocardial velocity and TAPSE were significantly lower in the M group as compared to the C group.
Although RVFAC is a common parameter for assessing RV systolic function, it is difficult to completely reflect the threedimensional RV EF. Moreover, the hypertrophied RV trabeculae is a hindrance in distinguishing the endocardium clearly in PAH patients, possibly leading to inaccurate assessment of RVFAC [4] . In our study, there was no significant difference between the two groups.
Furthermore, the RV is significantly affected in pulmonary diseases such as PAH and the RV is remarkably sensitive to cardiac pathologies, including LV dysfunction, valvular disease and RV dysfunction [22] .
Although CMRI is the gold standard for noninvasive measure- Hong JE, et al ments of RV size and function [9, 23] , it is often not easy to use it in everyday clinical practice [24] .
TAPSE is reported to significantly correlate with RV EF derived from radionuclide angiography [25] . Recently, Sato et al. [25] reported that TAPSE and s' significantly correlates with RV EF derived from CMRI.
Right Tei index can be obtained by TDI. The advantage is that it is reproducible and depends only on time intervals, which makes it possible to avoid the limitations arising from complexity of RV structure [23] . In our study, right Tei index was not statistically different between two groups.
